Abstract-This study deals with some applications of the concepts developed by the Theory of Evidence, in remote sensing digital image classification. Data from different sources are used in addition to multispectral image data in order to increase the accuracy of the thematic map. Data from different sources as well as probability images estimated from the multispectral image data are arranged in form of layers in a GIS-like structure. Layers representing belief and plausibility concerning the labeling of pixels across the image are then derived to help detect errors of omission and of commission respectively, in the thematic image. In this study, a new approach to introduce the information conveyed by belief and plausibility into the classification process is proposed and tested. Preliminary tests were performed over an area covered by natural forest of Araucaria showing some promising results.
I. INTRODUCTION
This study deals with some applications of the concepts developed by the theory of evidence, in remote sensing digital image classification. In remote sensing supervised image classification, there are a number of distinct factors that may contribute to lower the accuracy of the thematic image. Spectral similarity among classes, non-normality of the within-class data distribution, lack of uniformity in solar irradiation across the scene due to terrain topography are, among others, well known causes for the poor accuracy that sometimes results when using classifiers such as the Gaussian Maximum Likelihood (GML). Different approaches have been proposed by many authors to alleviate each specific cause of low accuracy in the classification process.
Zukowskyj et al. [1] investigated the use of DEM data to correct the variations of pixel brightness due to terrain topography. A comprehensive overview of possible approaches to the introduction of ancillary data into the pixel labeling process can be found in Hutchinson [2] . Bruzzone et al. [3] investigated the use of ancillary data (terrain elevation, slope and aspect) along with image texture in the classification of Landsat TM image data, using parametric and non-parametric classifiers. The evidential approach expressed in the Dempster-Shafer Theory of Evidence was investigated by Lee et al. [4] . Additional approaches to integrate ancillary data into the labeling process were proposed by Moon [5] and Gong [6] among several others. In this study, we propose and test a new method to improve the accuracy in the thematic image by making use of the information conveyed by ancillary data, as proposed in the Theory of Evidence (Dempster-Shafer) [7] . This approach allows the introduction of auxiliary data structured as layers in a GIS-like format, which also includes the concept of uncertainty or ignorance, to generate the layers of belief and plausibility. The contribution in this study consists in the proposed approach to introduce the information conveyed by belief and plausibility into the image classification process.
II. METHODOLOGY
The proposed methodology can be summarized as follows: 1-Search for auxiliary variables that are likely to contribute to the discrimination among the spectral classes present in the scene. 2-Organize these variables in individual layers, covering the study area. These layers are then registered with the multi-spectral image data. 3-For every individual variable, estimate the corresponding uncertainty. Discard variables that show a high degree of uncertainty. 4-For every individual variable and every individual pixel in the layer, estimate the available evidence supporting each individual label under consideration. Information regarding uncertainty is also included here. Individual layers of evidence are thus produced at this stage. Combine the layers of evidence to produce a single layer of combined evidence, plus uncertainty. 5-Using the layer of combined evidence, the layers of belief and plausibility are produced for each individual label in the scene under analysis. 6-Select a threshold for belief, based on the user's accuracy (errors of commission). 7-Select a threshold for plausibility based on the producer's accuracy (errors of omission). 8-Apply both thresholds to filter the thematic image produced by the classifier.
In step 3, we have adopted the approach proposed by Lee et al. [4] . The uncertainty associated with each individual variable is estimated by the error that results in the classification process when using this variable only.
For variables that are normally distributed the classification error was estimated applying the GML classifier. For variables that are not normally distributed, the Minimum Euclidean Distance classifier is then used to estimate the uncertainty. The proposed approach to estimate the relative evidence for each label in the scene is as follows. For variables normally distributed the evidence is estimated by:
where G a (X) is the GML decision function for class ω a and m is the number of classes under consideration. Otherwise membership functions based on expert knowledge are employed. In any given pixel, the evidences should add to (1-uncertainty) . This procedure is illustrated in Figure 1 for the case of two classes (Araucaria and others). The algorithm known as the orthogonal sum [7] is then applied to produce a single combined layer of evidence, which can then be used to produce the layers of belief and plausibility associated with each individual label. The information conveyed by belief and plausibility can be used to improve the accuracy in a thematic image produced by a classifier such as the GML. In this study it is proposed an approach based on thresholding the layers of belief and plausibility and using both as filters, to detect possible errors of commission and omission respectively, in the thematic image. The ideal thresholds can be estimated in each case by the analyst and it is based on the estimated values for the user and the producer accuracy in the thematic image. The proposed methodology is illustrated by a case study in section III.
III. EXPERIMENTS
The effectiveness of the proposed methodology is evaluated using a test area in southern Brazil, which includes segments covered by natural forest of Araucaria. Areas covered by natural forest of Araucaria are restricted to small regions in southern Brazil and have proved to be particularly difficult to be accurately identified by means of multispectral image data only, such as Landsat TM data. To alleviate this problem and improve the classification accuracy with regard to the label natural forest of Araucaria, the methodology proposed in section II is here applied. Initially a survey of the variables which may present discriminant power with respect to the label natural forest of Araucaria was performed. In addition to multispectral image data, the following auxiliary variables were initially investigated: terrain elevation, mean annual precipitation, mean annual temperature, category of soil, NDVI, fraction data of vegetation and shade, and image texture estimated by the following eight variables: contrast, correlation, dissimilarity, entropy, homogeneity, mean value, angular momentum and standard deviation. These data, obtained from different sources, were arranged in layers, spatially registered and geocoded in a GIS-like arrangement (step 2). The third step consists in estimating the degree of uncertainty with respect to the label natural forest of Araucaria, for each individual variable. In this study we follow the approach proposed by Lee et al. [4] , estimating the uncertainty associated with each individual variable by the classification error in the corresponding thematic map. This error can be estimated by (1-accuracy), the accuracy in this case being the user's accuracy, which estimates the probability of a pixel being correctly labeled as natural forest of Araucaria [8] .
To this end, samples of the 21 spectral classes identified on the scene were collected for training and testing purposes. Whenever the data presented a normal distribution, the Gaussian Maximum Likelihood classifier was applied. For the remaining variables (terrain elevation data, mean annual temperature and precipitation, and soil categories) the Minimum Euclidean Distance classifier was employed. The estimated user's accuracies are shown in Table 1 .
Step 4 consists in estimating for every pixel in every layer, the available evidence supporting, in this case, the label natural forest of Araucaria. It should be noticed that in this experiment our attention is focused on the label natural forest of Araucaria only. Thus, from step 4 on the remaining labels are grouped together under the designation others. For the estimation of the evidences the approach proposed in Section II was used. In the case of variables presenting the normal distribution, the evidence supporting the label natural forest of Araucaria was estimated by equation (1) . In the case of variables not normally distributed (terrain elevation and mean annual temperature), membership functions based on expert knowledge were employed. The final values for the evidence supporting the label natural forest of Araucaria was estimated for each individual variable, by re-scaling the values produced either by equation (1) or by the membership functions, to the interval [0, (1-uncertainty)]. For every pixel across the scene, this re-scaled value is assumed to estimate the evidence supporting the label natural forest of Araucaria. The evidence supporting the label others can be estimated, for each pixel, by one minus the sum of the uncertainty plus the evidence supporting the label natural forest of Araucaria, i.e., the two evidences plus the uncertainty should add to one. In step 5, the evidences yielded by each individual variable are combined by using the orthogonal sum algorithm. Layers of belief and plausibility associated with the label natural forest of Araucaria can then be produced (step 6). In steps 7 through 9, the layers of belief and plausibility are used to detect possible errors of omission and commission. The experiment was performed using Landsat_TM multi-spectral image data covering the study area. Two sub-areas available in the study area, with known ground truth were used, one as training area, i.e., to estimate the thresholds for belief and plausibility and the other as test area, i.e., to evaluate the gain in accuracy by applying the proposed methodology. In this study we propose to select the thresholds for belief and plausibility according to a criterion defined by the analyst, based on the user's and producer's accuracy as estimated in the training area. The values selected for the thresholds are then applied to the entire thematic image. In order to select the desired thresholds for plausibility and belief, an approach using nested loops is proposed and tested. Initially, in an outer loop, the entire range of possible values for the plausibility's threshold is tested. At each step in this outer loop, pixels not labeled as natural forest of Araucaria but showing a degree of plausibility higher than the value set by the threshold are added to the thematic image.
In an inner (nested) loop, a range of values for the threshold in belief are tested. At each step in this inner loop, pixels labeled as natural forest of Araucaria but showing a degree of belief lower than the value set for the threshold are removed from the thematic image. The user's, producer's and mean accuracy are estimated for each pair of thresholds (belief and plausibility) and the pairs that yield the highest mean accuracy are selected. This procedure is summarized in the pseudo-code in Figure 2 .
As expected, the number of errors of omission increases as the value for the threshold in plausibility increases, resulting in a steady decrease in the producer's accuracy. The opposite occurs with respect to the threshold applied to belief, with a reduction in the number of errors of commission and a corresponding increase in the user's accuracy. The estimated accuracies using the training area data are depicted in Figure 3 . The actual values for the thresholds to be implemented in the thematic image can be chosen according to the goals set by the analyst. In this particular experiment we have aimed for a compromise between user's and producer's accuracy, i.e., we have selected the intersection point between the curves depicted in Figure 3 . In this case, it was adopted a threshold equal to 0.0314 for plausibility and 0.0275 for belief. This pair of thresholds was then applied to the full thematic image produced by the GML classifier using Landsat-TM multi-spectral image data. The test area was then used to estimate the increase in the accuracy due to the introduction of the proposed methodology. In the original thematic image produced by the GML classifier, the estimated values for the user's accuracy was 81.3% and for the producer's accuracy equal to 75.3%. After the application of the proposed methodology, the estimated values for the user's and producer's accuracy became equal to 88.5% and 81.8% respectively. This experiment shows a remarkable improvement in both the user's and the producer's accuracy. 
IV. CONCLUSION
In this paper we propose a new approach to implement the concepts of belief and plausibility as proposed in the Theory of Evidence, to improve the accuracy in a thematic image.
The proposed methodology was tested in an area which is known to present some challenges to the classification process when using multi-spectral image data only. The experiment did show a noticeable increment in the accuracy of the thematic image.
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